Abstract: Quaternary ammonium salts are a group of compounds with diverse biological properties, the most important of which are their antiviral, antibacterial, and antifungal activities. The quaternization reactions of 5'-O -tosyl derivatives of uridine and thymidine with triethylamine, trimethylamine, 4-( N , N -dimethylamino)pyridine, 2-methylpyridine, and pyridine are described in this article. Two of the synthesized compounds are exceptional because they are first of this type that demonstrate concentration-dependent antifungal in vitro activity against two species of the genus Candida in minimal YNB-SG medium. The experimental results have been extended by adding full atom molecular dynamics simulations and substrates and products energies evaluation.
Introduction
Nucleic acids DNA and RNA are built with natural nucleosides. They play very important roles in storing genetic information and transferring it to future generations.
1 Nucleotides are involved in many physiological processes through stimulating the purinergic and/or pyrimidine receptors. 2, 3 Nucleotides and nucleosides can come from food. Studies show that dietary nucleotides and nucleosides may be important for proper functioning of the immune system, small intestinal growth and development, lipid metabolism, and hepatic function. 4 Most of the dietary nucleosides are dephosphorylated to nucleosides and subsequently rephosphorylated in enterocytes.
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Besides food, nucleotides can also be synthesized de novo. This synthesis consists of restoring nucleotides from purine and pyrimidine bases and nucleosides resulting, for example, from nucleic acid degradation processes. 6 A very important family of pharmacologically active compounds comprises the nucleosides and their analogues. They have a wide range of properties, including cytotoxicity, antiviral activity, and immunosuppression. There are two major classes of nucleoside analogues: in the first, the purine or pyrimidine bases are modified, 7−14 and in the second, the sugar part is altered. 15−20 Listing pyrimidine analogues with a modified sugar molecule, it is worth mentioning cytarabine, used in treatment of acute leukemia, and capecitabine, used in treatment of colorectal and breast cancers ( Figure 1 ). However, the best known pyrimidine analogue resulting from the modification of the sugar part is azidothymidine (AZT, Figure 2 ), used as antiretroviral medication in the treatment of HIV/AIDS. AZT was obtained by modifying thymidine in a molecule whose C-3'-O bond was replaced by a C-3'-N bond. For many years, we have been working on the synthesis of sugar-containing ammonium salts with C-N bonds. Moreover, in these molecules, the nitrogen atom has a positive charge. There is much evidence that nucleoside analogues, as well as endogenous nucleosides or nucleotides using the same specific nucleoside transporters, come into the cells. 22, 23 Moreover, it is more likely that organic anion or cation transporters are involved in the cellular uptake of nucleoside antiviral analogues. Thus, we decided to synthesize and biologically test C-5'ammonium salt analogues of thymidine and uridine. Our results are presented in this article.
To explain the difficulties of the synthesis, we have additionally carried out molecular dynamics (MD) simulations of conformational changes in the studied compounds. MD analysis revealed preferred furanoic ring conformations and enabled the measurement of selected intramolecular distances within substrates and products of the synthesis described. For transition state complexes, energy evaluation calculations were performed, including heat of formation as well as their total and internal enthalpies and entropies. Results of these calculations were described and discussed.
Researchers worldwide are trying to modify nucleosides in search of new drugs, and the number of publications on this topic can be counted in the thousands each year. One of the most important turning points of this research is the synthesis and study of the biological properties of the nucleoside pentafuranosyl.
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Operation of anticancer drugs is often disturbed by replication of the genetic material of tumor cells. One of the major directions of research is the synthesis of nucleoside analogues that can be used in the treatment of cancer, for antiviral therapies, 25, 26 and as nucleoside antibiotics. 27, 28 The functionalization of the nucleoside 5'-position is a separate interesting point in terms of biological action. Many of these derivatives have antiviral activity. An example would be a derivative of 5'-aminothymidine with an additional nitrogen atom 29, 30 that exhibits antiviral activity. Interestingly, the isomer of the above compound, i.e. 3'-aminothymidine synthesized by Horowitz, 31 and Miller and Fox, 32 no longer had antiviral properties or even showed cytotoxicity.
One of the biggest problems with the use of antibiotics and disinfectants, including quaternary ammonium salt (QAS), is the growing resistance of bacteria and fungi to them. That is why new compounds with greater activity, a wider spectrum of applications, and more environmentally friendly nature are still necessary. The antibacterial and antifungal activity depends mainly on the balance between the hydrophobic and the hydrophilic part of the molecule. 33 It is assumed that the combination of QAS with natural compounds such as sugars or amino acids can eliminate the limitations in the usage of this class of compounds. Such a combination may lead to a QAS with new properties. There are only a few reports on the synthesis and testing of sugar QAS in the literature.
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In our opinion, nucleosides as compounds with commonly known biological activity after quaternization can give very interesting outcomes.
Results and discussion

Chemistry
The purpose of this study was to obtain quaternary ammonium salt derivatives of nucleosides. Studies were limited to derivatives of 2-deoxyribose and ribose. We selected five amines: triethylamine, trimethylamine, 4-( N , N -dimethyloamino)pyridine (DMAP), 2-methylpyridine, and pyridine. Based on previous experiences with quaternary ammonium salt, it was decided to synthesize derivatives of thymidine tosylate (Scheme 1; Table 1) and derivatives of uridine tosylate (Scheme 2; Table 2 ). Commercially available thymidine was dissolved in pyridine and cooled to 0°C. At this temperature, tosyl chloride was added according to the method of Michalson and Todd. was carried out for 24 h at 70°C. Compound 1 was recrystallized from a mixture of ethanol and ethyl acetate (mp 168-172°C in 83% yield). Spectral analysis confirmed the structure. In the 1 H NMR spectrum, in addition to the signals from protons of thymidine (including the triplet at 6.23 ppm for the anomeric proton) and tosyl anion (two doublets at 7.71 ppm and 7.37 ppm corresponding to the four aromatic protons and a singlet at 2.41 ppm corresponding to the three protons of the methyl group), a singlet at 3.21 ppm was identified, corresponding to the protons of the nine residues of trimethylammonium, and the singlet at 2.17 ppm corresponded to the three protons of the O -acetyl group. O -acetyl group at the C-3'carbon atom has no effect on the yield of formation of the salt.
The reaction of 5'-O -tosylthymidine and triethylamine was performed for 92 h at 70°C. Both the main product and the impurities were soluble in water, which made it impossible to purify it by extraction. Therefore, the water layer was concentrated and subjected to O -acetylation. After acetylation, the mixture was extracted with chloroform, in which the impurities dissolved and the main product remained in the aqueous layer, which was further purified by heating with activated carbon. Finally, N -[(5'-deoxythymidine)-5'-yl]-N ,N ,N -triethylaminium tosylate (3) was obtained with 59% yield, whose structure was confirmed by NMR analysis. In the proton spectrum there were signals of an anomeric proton at 6.23 ppm and a multiplet of six methylene protons at 3.40 ppm, and a multiplet of nine protons of the CH 3 group from triethylammonium residue at 1.28 ppm. The presence of the O -acetyl group confirmed a singlet at 2.18 ppm.
To obtain the N -[(5'-deoxythymidine)-5'-yl]pyridinium tosylate (4) from 5'-O -tosylthymidine and pyridine the reaction was conducted for 13 h at 70°C. The resulting compound 4 was obtained as an oil with 71% yield. In the proton spectra in the range of 8.85 to 7.84 ppm two doublets of triplets corresponding to five protons of pyridine were present. At 6.11 ppm the signal of the anomeric proton was present in the form of a doublet of doublets as the result of coupling with two nonequivalent protons, H-2 and H-2'.
As a result of the reaction of 5'-O -tosylthymidine with 2-methylpyridine, after 120 h of heating at the temperature of 70°C, compound 5 was obtained with a 79% yield. It can be stated that the yields for the syntheses of compounds 4 and 5 were very similar. In syntheses described in our previous papers, 36,37 the presence of the methyl substituent at the C-2 position of the pyridine ring resulted in a reduction in the yield of the salt-forming reaction. We have always interpreted this as an effect of the steric hindrance of the methyl group. In the case of the synthesis of compound 5, this phenomenon was not observed. In the 1 H NMR spectrum in the range of 8.66 to 7.81 ppm a multiplet corresponding to four aromatic protons of the 2-methylpyridinium residues was present, and at 6.10 ppm the doublet of doublets of the anomeric proton. Additionally, the presence of 2-methylpyridinium residue confirmed a singlet of three protons of the methyl group at 2.86 ppm. In the first step of forming salt derivatives of uridine, commercially available uridine was stirred with 2,2-dimethoxypropane in acetone in the presence of DOWEX (50 WX 8) ion exchange resin (H + ) yielding 2',3'-O -isopropylideneuridine in 58% yield with mp = 159-160°C, consistent with the literature values.
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Next, the 2',3'-O -isopropylidene derivative was dissolved in pyridine and tosyl chloride was added. After 24 h, (8) . This is probably due to the greater reactivity of the 2-deoxy-D-ribose present in thymidine. We have tried to explain the lower reactivity based on molecular calculations, which are presented in the next section.
Calculations
We performed a set of computational investigations to answer the question of why the synthesis of N -
were not successfully synthesized and found it impossible to answer it.
The computational approach involved full parametrization of substrates and all products (even those not synthesized), as well as expected transition state complexes.
The parametrization was prepared for the AMBER 40 ff03 41 and GAFF 42 force field parameters. Partial atomic charges for the ff03 force field were computed with the RESP protocol. The analysis included measurement of the distances between center of mass of the substituting group and center of mass of the thymine (1-6) or uracil (7-8b), or between the substituting group and selected parts or center of mass of the furanoic ring.
Differences in resulting measurements were present, but they were inconclusive. The distances did not keep any particular trend, nor could they be divided into favorable or unfavorable from the point of view of the conducted syntheses.
For the substrate analysis, distances were measured between center of mass of the tosyl group and center of mass of thymine or uracil. Even though the medium distances in 1-6 were about 4% higher than in the case of 7-8b, we cannot predicate that this influenced the synthesis in any of the investigated cases. This observation is in accordance with the dihedral angle measurement, where the C-3-C-4-C-5-O (Ts) dihedral angle has generally been on the same or a slightly higher (about 3-5°, especially for 8 and 8a) level in the case of 7-8b compared to 1-6.
For the transition state complexes only energetic calculations were performed. All compounds were built in Avogadro, 50 then optimized using MMFF94s 51 and the PM6 52 method in MOPAC2016. 53 Computed energies involved heat of formation, total enthalpy of the products, total entropy of products, internal enthalpy, and internal entropy. None of these resulting values differentiated those syntheses that were successfully carried out from those that failed.
The only successful theoretical investigation involved statistical analysis of the collected snapshot from the MD trajectory. In this analysis the dihedral angles O-C-1-C-2-C-3 and C-2-C-3-C-4-O were controlled during MD progress. The collected data ( Figure 3) show that there are two centers around which other possible conformations group. These are with the values of 0°and -30°or 30°and 0°for the named angles. For the former pair, the furanoic ring takes the form of a flat to twisted ring or E 4 envelope, which results in the withdrawal of the substituent group from the vicinity of the aromatic base and furanoic surroundings. The latter pair of preferred torsional values (conformation E 3 ) shows the preferred isopropylidene ring approaching to the center of mass of the furanoic ring.
The same trend is present and visible in the measured virtual-bond angle between C5, C4, and the center of mass of the furanoic ring ( Figure 4 ). All measured virtual-bond angles in compounds 1-6 were identified with values between 128°and 135°, while compounds 7-8b were identified with values between 135°and 142°. Unfortunately, no other differentiation in the latter group (between 7, 8 and 7a, 8a, 8b) could be identified using this methodology.
Antifungal activity of QAS
The QAS derivatives of thymidine und uridine (1-8) were tested for antifungal activity against three yeast species belonging to the genus Candida, namely Candida albicans, Candida glabrata, and Candida tropicalis. The growth inhibitory effect was quantified by the serial dilution microtiter plate method in two growth media, RPMI-1640 and YNB-SG, and compared to that of known antifungals fluconazole and amphotericin B. Only yl]pyridinium tosylate (4), exhibited minimal activity. The results are presented in Table 3 Table 3 . These values were remarkably higher than those of fluconazole and amphotericin B. Both compounds were inactive in the RPMI-1640 medium.
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Conclusion
Six new salt derivatives of thymidine and two N -[(5'-deoxy-2',3'-O -isopropylideneuridine)-5'-yl]aminium salts were obtained. The yields of the preparation of the salts ranged from 59% to 86%. The salt formation reactions were carried out until the state in which no more expected product was formed. Comparing the results of Table  1 , it is clear that the steric factor was significant. Despite the much longer quaternization reaction time, use of triethylamine proceeded with less efficiency than in the case of trimethylamine. A similar effect is apparent in the case of pyridine and 2-methylpyridine.
The comparison of the results of Tables 1 and 2 confirms the fact known in the literature that 2-deoxysugars are more reactive than the corresponding sugars. 54 The presence of 2-deoxy-D-ribose in thymidine makes its derivatives more reactive. Under conditions analogous to those for thymidine derivatives, in the case of uridine derivatives we have not been able to achieve any product. However, in this case, the influence of steric effect was also visible. Only in the case of trimethylamine and pyridine were the desired salts obtained by sonication.
Compounds 2 and 4 exhibited concentration-dependent antifungal in vitro activity against two species of the genus Candida in minimal YNB-SG medium. Although this activity was much lower than that of established antifungal drugs fluconazole and amphotericin B, this is the first report of the defined antifungal activity of compounds of this type.
Experimental
Materials and methods
Commercial thymidine and uridine (Sigma-Aldrich) were used.
All reactions were monitored by thin-layer chromatography on Kieselgel 60 F 254 silica gel plates (Merck, 0.20 mm thickness). The spots were detected by spraying with 5% ethanolic H 2 SO 4 and charring.
1 H NMR and 13 C NMR spectra were recorded at 25°C with a Varian Mercury spectrometer at 400 and 100 MHz, respectively, with Me 4 Si as the internal standard. Assignments were made on the basis of homonuclear decoupling experiments and homo-and heteronuclear correlation. Optical rotations were measured with a PerkinElmer 343 polarimeter. High-resolution mass spectrometry (HRMS) data were acquired with an Agilent 6550 (Q-TOF) mass spectrometer using a Zorbax Extended C18 column (2.1 × 50 mm; 1.8 µm) at 25°C; the mobile phase employed water and acetonitrile (95:5) at a flow rate of 0.400 mL/min.
Chemistry
General procedure for synthesis of QAS derivatives of thymidine und uridine
was dissolved in a tertiary amine. The solution was stored in a screw-capped ampoule at 70°C, after which it was evaporated to dryness. The residue was dissolved in H 2 O, then extracted with CHCl 3 . The aqueous layer was evaporated with reduced pressure at a temperature below 40°C, and the oil was dried over P 2 O 5 in a vacuum desiccator to yield quaternary ammonium compounds, which were crystallized from 2-butanone or ethanol:ethyl acetate. R f = 0 (CHCl 3 -MeOH 3:1).
General procedure for exhaustive O-acetylation
QAS was dissolved in Py (3 mL) and Ac 2 O (3 mL). After 24 h the solutions were evaporated to a dense oil, dissolved in H 2 O (2 mL), and extracted with CHCl 3 (2 mL). The aqueous layer was concentrated under reduced pressure at a temperature below 40°C, and the oil was dried over P 2 O 5 . 
Microorganisms and growth conditions
Antifungal activity was tested against Candida albicans ATCC 10231, Candida glabrata DSM 11226, and
Candida tropicalis KKP 334. Strains were grown at 30°C in YPD medium (1% yeast extract, 2% peptone, and 2% glucose) and stored on YPD plates containing 2% agar. Susceptibility testing was performed in RPMI-1640
